In this fourth part of the series presenting the Optical Gravitational Lensing Experiment (OGLE) microlensing studies of the dark matter halo compact objects (MACHOs) we describe results of the OGLE-III monitoring of the Small Magellanic Cloud (SMC). Three sound candidates for microlensing events were found and yielded the optical depth τ SMC−OIII = 1.30 ± 1.01 × 10 −7 , consistent with the expected contribution from Galactic disk and SMC self-lensing. We report that event OGLE-SMC-03 is the most likely a thick disk lens candidate, the first of such type found towards the SMC. In this paper we also combined all OGLE Large and Small Magellanic Cloud microlensing results in order to refine the conclusions on MACHOs. All but one of OGLE events are most likely caused by the lensing by known populations of stars, therefore we concluded that there is no need for introducing any special dark matter compact objects in order to explain the observed events rates. Potential black hole event indicates that similar lenses can contribute only about 2 per cent to the total mass of the halo, which is still in agreement with the expected number of such objects.
INTRODUCTION
Campaigns like OGLE, MACHO or EROS were all founded nearly 20 years ago primarily to settle the question whether dark matter resided in the galactic halo in the form of compact objects (MACHOs). The background theory of the method employing gravitational microlensing was provided by Bohdan Paczyński (Paczyński 1986 ) and in subsequent years Paczyński himself advocated and supported the creation of large-scale photometric surveys towards the Magel-⋆ Based on observations obtained with the 1.3 m Warsaw telescope at the Las Campanas Observatory of the Carnegie Institution of Washington. † email: wyrzykow@ast.cam.ac.uk, name pronunciation: Woocash Vizhikovsky lanic Clouds. The Large and Small Magellanic Clouds (LMC and SMC) were considered the best targets for such studies, as with a moderate telescope size the stars of the Clouds were easily resolved and hence formed a perfect background for the hunt for microlensing events. These are unique and temporal brightening events observed on a source background star caused by the gravitational lensing phenomenon in which the lensing object is located in front of the background star.
In the most generic case of a point lens mass and a point source the gravitational amplification of the background light is described by equation (after Paczyński 1996) :
where t0 is the time of the maximum of the peak, tE is the Einstein radius crossing time (event time-scale) and u0 is the event impact parameter. Parameter tE is the only parameter linked with the physical properties of the source-lens system and is dependent on the lens mass, the lens and source distances and the relative velocity between lens and source. This means that, in principle, a single microlensing event can not provide any information regarding the lensing object. Additional data are possible only in case of non-standard events, like binary lens/source or those showing a parallax effect. Hence, in studying the mass distribution of lenses, microlensing events are regarded only in groups. The statistical value related to the total mass enclosed in the volume towards the background sources is the microlensing optical depth, τ :
where T obs is the time-span of all observations, N * is the total number of monitored stars, Nev is the total number of events, each with time-scale tE i and detection efficiency ǫ(tE i ).
In the case of the Magellanic Clouds the overall optical depth can be composed with contributions from lenses at various levels. Apart from the hypothetical dark matter compact objects there can also be a contribution to the optical depth from luminous lenses from the disk of our Galaxy and from the frontal side of the Cloud itself (i.e., self-lensing, SL).
Observations and studies of the pixel-lensing microlensing events towards M31 are still not conclusive with respect to the amount of self-lensing and MACHO lenses (see Calchi Novati 2010b for recent review). However, the most recent analysis of the data tend to be inclined towards self-lensing as being the only explanation of the observed signal (Calchi Novati 2010a) .
The most recent studies of the data gathered by microlensing surveys towards the LMC suggest the contribution from dark matter compact objects with masses below 10 M⊙ can be practically ruled out. The upper limit on MACHO abundance in the halo was set to 6-7 per cent by the EROS (Tisserand et al. 2007 ) and OGLE groups (Wyrzykowski et al. 2011 ) (see Moniez 2010 for review). The core of the detected microlensing signal seems to come from the self-lensing events, as suggested already in Sahu (1994b) and Sahu (1994a) .
The LMC self-lensing effect is relatively well understood thanks to the convenient, almost face-on alignment of the LMC towards us. The studies by Mancini et al. (2004) , Calchi Novati et al. (2009) and Calchi Novati & Mancini (2011) showed that the average self-lensing optical depth is in the order of 0.4 × 10 −7 , which is consistent with what was measured in OGLE-II , hereafter Paper I) and OGLE-III data (Wyrzykowski et al. 2011, hereafter Paper III) .
The situation with the SMC is more complicated. This dwarf galaxy seems to be elongated and is stretched out along the line-of-sight, which produces a much higher self-lensing optical depth. Some estimates by PalanqueDelabrouille et al. (1998) and Graff & Gardiner (1999) place this value at at least 1.0 × 10 −7 , but it can actually be much higher. Microlensing studies of the SMC tend to confirm this with their typically higher event rates (Tisserand et al. 2007 , Wyrzykowski et al. 2010 , hereafter Paper II), compared with the LMC. In this paper we conclude the series of studies of the OGLE microlensing data towards the both Magellanic Clouds with the analysis of the 8 years of observations of the SMC in the course of the OGLE-III project. We attempt to finalise the investigation of the subtle topic of dark matter compact halo objects, providing the result from currently the best and the most suitable data set.
The paper is organised as follows. First, the OGLE-III data used for the analysis are presented. Then, we describe the method applied for finding the microlensing events and its results with a detailed description and study of each found event. This is followed by a calculation of the optical depth and discussion of the results.
OBSERVATIONAL DATA
The photometric data used in this study were collected during the third phase of the OGLE project (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ) with the 1.3-m Warsaw telescope located at Las Campanas Observatory, Chile, operated by the Carnegie Institution of Washington. The "second generation" camera comprised eight SITe 2048 × 4096 CCD detectors with 15 µm pixels resulted in 0.26 arcsec/pixel and 35 × 35 arcmins total field of view. The details on the instrumentation setup can be found in (Udalski 2003) .
The central regions and the outskirts of the SMC were covered by 41 fields, giving a total of 14 square degrees. The map of the fields is shown in Fig. 1 . The statistical details of the fields are gathered in Table 1 with the following information: the coordinates of their centers, the number of "good" template objects in the I-band, the blending-corrected number of stars (see Section 5) and the mean number of all objects visible on a single CCD (of 8) used for assigning the blending density level. "Good" objects are the template objects with at least 80 good data points (excluding measurements with very large error-bars) and mean magnitude brighter than 21.0 mag (chosen as a mean peak of the observed luminosity functions).
The very first observations of the SMC within the OGLE-III phase were taken in June 2001 (JD=2 452 085), except field SMC140 (started in July 2004), and continued until May 2009 (JD=2 454 954) . Most of the observations were taken through the Cousins I-band filter with exposure time 180 s with a mean seeing of 1.36 arcsec. Between 583 and 762 measurements were gathered in each field with an average sampling varying from 2.0 to 3.0 days between subsequent frames (excluding the gaps between the seasons). The only exception is field SMC128 which was observed 1228 times with an average sampling of 1.6 days. Additionally, between 47 and 114 observations per field were obtained in Johnson V -band with integration time 225 s and a mean seeing of 1.39 arcsec. First V -band observations were taken in November 2004 (JD=2 453 314) and since then V filter frames were taken regularly. The average sampling frequency in the V -band was between 4.6 and 10.3 days.
The image reduction pipeline used an image subtraction technique and was based on Difference Image Analysis (DIA; Alard & Lupton 1998 , Woźniak 2000 . The data used in this work come from the final reductions calibrated to the standard system. The template images used for subtraction were composed from selected best individual frames resulting in a seeing of around 0.9 arcsec and 1.0 arcsec for I-band and V-band, respectively. The full description of the reduction techniques, photometric calibration and astrometric transformations can be found in (Udalski et al. 2008) .
Photometric errors produced by the difference imaging process were adjusted as described in Paper I by deriving a magnitude dependent correction factor using the constant stars. For each SMC field and each filter (f = I, V ) we found parameters γ f and ǫ f , which correct the original error-bar according to the formula:
where σmag is the original error-bar returned by the DIA. Error-correction parameters averaged over all SMC fields yielded with γI = 1.04031, ǫI = 0.00414852, γV = 0.867849, ǫV = 0.0026929. Table 2 shows the error correction coefficients for the first few fields. The full table can be found on the OGLE website 1 .
SEARCH PROCEDURE
For the SMC OGLE-III data we applied the same automated pipeline for detecting microlensing events as designed and used in searching through the LMC OGLE-II (Paper I), SMC OGLE-II (Paper II) and LMC OGLE-III (paper III) data. The procedure for the SMC contains 10 cuts applied to the pre-selected "good" data (with enough good observations) and limited to the right magnitude level. Table 3 describes all cuts applied to the data for two star samples In the first cut for each star sample we selected light curves with a significant bump over baseline, following the concept of Sumi et al. (2006) . Then, we removed all candidates with their baseline colour and magnitude located in the "blue bumper" region to exclude these most common contaminants related with the Be stars. In cut 3 we chose those light curves for which the standard microlensing fit (with blending parameter fixed, hence index µ4 in the table 3) was better than a constant line fit. In the following cut we required that there were at least 6 data points in the microlensing peak between t0 − tE and t0 + tE.
In cut 5 we fitted the candidate bump also with the simple supernova model (exponential decline) and selected only those for which the χ 2 of the microlensing fit was better (either with blending or without). The number of expected supernovae in the entire OGLE-III coverage of the SMC is around 22 (after Dilday et al. 2010 , assuming 20 per cent detection efficiency), and indeed many of the objects removed at this stage resembled supernovae outbursts, some clearly with the host galaxy visible on the OGLE image. In this way we also removed all other asymmetric bumps. The objects remaining after this step were visually inspected and most of them turned out to be either nova-like events or red-baseline bumpers.
We then checked if the peak of the candidate bump was located within the data span (cut 6). In the next two cuts (7 and 8) we required that the blended microlensing model fit converged and yielded reasonable values, allowing for some negative blending (effect of instrumental origin, see e.g., Smith et al. 2007) , and that the χ 2 /N dof of the blended fit was better than 2.6 and for non-blended fit around the peak better than 4.5.
Finally, we restricted our search of microlensing events to the ones with time-scales between 1 and 1000 days and with impact parameters below 1.
RESULTS
Running our search pipeline on the SMC OGLE-III data found 3 candidates for microlensing events in All Stars Sample. Two of them were found in the Bright Stars Sample. The three events were dubbed OGLE-SMC-02, OGLE-SMC-03 and OGLE-SMC-04, with the numbers following the numbering started with the single candidate detected in the OGLE-II SMC data (Paper II).
The basic information about these candidates are shown in Table 4 . First two events were detected while on-going by the Early Warning System (EWS) of OGLE, while the third one was not known before and occurred at the beginning of the OGLE-III when EWS was not yet operating. Figure 2 shows the colour-magnitude diagram with candidate events found in OGLE-II, OGLE-III and MACHO data. Figure 3 presents a density of Red Clump stars of the SMC with marked positions of all candidate events. The light curves of three OGLE-III events with microlensing models fits are shown in Figure 4 , whereas their finding charts are presented in Figure 5 . Note: Coordinates point to the centre of the field (centre of the mosaic), each being 35 ′ × 35 ′ . Number of "good" objects in the template is provided (N > 80 and I < 21.0 mag) together with the estimated number of real monitored stars (see Section 5). Mean number of all objects detected on a single CCD used for calculating the density of a field is given in the last column.
Below we discuss each candidate in detail.
OGLE-SMC-02
This event was already known before this work as it was detected in real-time with the OGLE's Early Warning System Impact parameter cut 0 < u 0 1 3 2 † magnitudes as in the field SMC100.1 (shifted according to the position of the center of Red Clump) * in the range of t 0 ± 1t E 
(EWS) and was designated 2005-SMC-001
2 . It was probably one of the longest, the brightest and the best observed events found to date in the entire history of microlensing 2 http://ogle.astrouw.edu.pl/ogle3/ews/2005/smc-001.html monitoring of both Magellanic Clouds. Its light curve exhibited not only a clear parallax effect but also a deviation to the single microlensing model around its peak. This anomaly is so tiny that it is not clearly seen in the OGLE data alone as shown in Fig.4 . However, its presence was explained with a non-caustic crossing binary lens model by Dong et al. (2007) . In their analysis they also successfully employed for the first time space-parallax effect from additional observations taken by the Spitzer satellite, what helped break model degeneracies and solve the microlensing event. Dong et al. (2007) concluded that the most likely location of the lens is the Galactic halo and with no light detected from the lens they suggested the lens is a binary black hole with a total mass of around 10M⊙. Nevertheless, they have not completely excluded the self-lensing scenario with both source and the lens residing in the SMC.
In our study we performed a simple modelling of a single point lens event with no parallax included. This was the model we used in the automated search pipeline, therefore we were able to derive the detection efficiency for this event. The values of the fitted parameters are gathered in Table  4 and the fit is shown in Fig. 4 . The time-scale of tE = 190.6±1.6 days we obtained for I and V data is conveniently in rough agreement with the time-scale derived by Dong et al. (2007) (between 160 and 190 days, depending on the details of the model configuration).
The blending parameters for both bands obtained in our model are relatively close to 1, however not including the parallax and the binarity in our model should affect this value severely. Full modelling of this event performed by Dong et al. (2007) (their Table 1 ) returned a blending fraction oscillating around zero-blending solutions, even suggesting some amount of negative blending in case of a few models.
We analysed the astrometry of the residual images of this event obtained with the DIA and measured the centroid shift caused by blending during the event with respect to its position during the baseline as measured on the superb quality template image. The accuracy of such a centroid shift can reach a few tens of milli-arc-seconds for bright events. In case of OGLE-SMC-02 we did not detect any displacement of the centroid of light, which indicates there is no additional blending light coming from a coincidental neighbouring star. The lack of blending in microlensing models by Dong et al. (2007) was also confirmed by them with high resolution HST imaging and, along with other factors, led to the conclusion the lens in this event is either dark or very faint.
Cross-match of the lens position with available high energy data from ROSAT, XMM (F. Haberl & R. Sturm, private communication) and INTEGRAL (A. Frankowski, private communication) returned no signal which can be associated with the black-hole. On the other hand, we would see the X-ray signal only if there was an accreting disk around the black-hole, the feature very unlikely to be present in a binary black-hole system. Further detailed observations and studies are required in order to confirm the black hole origin of this event.
OGLE-SMC-03
This event was detected in real-time while it was on-going in 2008 by the EWS (2008-SMC-001) 3 . It occurred on a faint blue star but was quite well covered in both OGLE bands (see Fig. 4 ), especially on the rising part of the light curve which assures this was not a nova-like outburst.
In order to improve the quality of the light curve of this faint object the original data were re-reduced so the flux variations were measured at the actual position of the event. The data were then fit with a standard microlensing model and model with parallax effect included as shown in Fig. 4 . The parameters of the models are gathered in Tables  5 and 6 for standard and parallax models, respectively.
All models had a strong indication of negative blending most likely caused by an underestimation of the template flux of the faint source and fringing present at the template image. This is not surprising for the object fainter than 20th magnitude where unresolved background stars can cause local overestimation or underestimation of the background level. Removal of the lensed source following the method of revealed no blended objects visible above the background of the images.
The position of the source of the event shown on the CMD (Fig.2) is based on the colour and brightness of the source derived from the best microlensing fit with the negative blending, but the uncertainty caused by this effect is encoded in the large error-bar of the source brightness.
Because the event was relatively long (it lasted for about 100 days) we also investigated if the parallax model can reproduce the data better than the standard model. The modelling with MCMC found four equally valid parallax solution covering all possible degeneracies. Their χ 2 for multi-band data fit, however, differed insignificantly (∆χ 2 ≈ 0.4, see Table 6 ) and were better by ∆χ 2 ≈ 3.4 than the best nonparallax model with χ 2 = 784.13. We adopted the geocentric formalism to describe the 3 http://ogle.astrouw.edu.pl/ogle3/ews/2005/smc-001.html . Four microlensing solutions generated by the jerkparalax degeneracy and the u 0 degeneracy in the plane of t eff and π E,⊥ . The π E,⊥ is a projection of the parallax vector onto direction perpendicular to the Sun's acceleration in the geocentric frame at the specified time t 0,par -this is the natural coordinate for the jerk-parallax degeneracy. We use t eff instead of u 0 since this parameter yields much smaller scatter. Numbers indicate the individual solutions from Table 6 . parallax effects , Gould 2004 ), where we assume the reference system to be located at the Earth at the time t0,par = 2454476.23, which we choose close to the peak of the event. This ensures that the values of u0, t0 and tE in the parallax model are close to those from nonparallax model. Any deviations of the observer position due to Earth motion are calculated against this reference system, which is in rectilinear motion at the velocity of the Earth at that time. The heliocentric velocity of the reference system projected on the plane perpendicular to the line of sight is approximately 29 km s −1 to South. Usage of the geocentric system helps to find and identify all degenerate solutions.
To find all solutions we investigated the four-fold microlensing degeneracy that is created in case of a single lens with parallax from the two coexisting discrete degeneracies: a two-fold u0 degeneracy (Smith et al. 2003 ) and the jerkparallax degeneracy (Gould 2004) . These yield four solutions that are presented in Figures 6 and 7 -fit parameters for solutions 1 though 4 are gathered in Table 6 .
Pairs of parallax solutions indicate either very close (solutions 3 & 4) or a bit more distant lens (solutions 1 & 2). The former would yield a distance to the lens of order of 100 pc for a typical mass of the lens ∼ 0.3 M⊙ -it is extremely unlikely for the potential lens to be located so close to the observer. On the other hand, the latter set of solutions have parallax scale of πE = 0.69 ± 0.32. This yields distance 2.2 ± 4.3kpc for a typical mass, and since it covers significantly more volume in the Galaxy and many more potential lenses we choose these as preferred solutions. The detection of the parallax signal in this event implies that the lens most probably comes from the Galactic thick disk population of stars.
Assuming the microlensing source to be at the distance of the SMC, as suggested by the CMD location of the source, we can neglect source motion and calculate lens velocity projected on the Earth plane to be AU π
E ≈ 50 km s −1 . This, when taking into account the angle of the relative lens motion and the velocity of the geocentric reference system, leads to heliocentric lens velocity, projected on the plane of the observer, to be approximately (−70, 30) km s −1 in North and East direction, respectively. Since the lens is much closer than the source we can neglect the effect of projection and note that the true heliocentric velocity of the lens will be of the same order. This type of kinematics is not surprising for the thick disk object.
Because there is no blend visible we can derive an upper limit on the lens brightness equal to around 21.5 mag in I-band. This limit is met by a late M dwarf (with mass 0.2M⊙) at the distance of more than 1.5 kpc, and an early M dwarf (with mass 0.3M⊙) at the distance of more than 5 kpc. Although we cannot rule out the lens to be a dark object in the Galactic halo the lens as a disk star is a much more natural explanation. Calchi Novati & Mancini (2011) showed in their simulation of the microlensing rate towards the LMC that the contribution of the Galactic Disc lenses to the overall microlensing rate is comparable to the contribution from the LMC self-lensing. It means that in our searches for microlensing events towards Magellanic Clouds we should expect some of them to be caused by Galactic lenses.
We can conclude that the most likely scenario for OGLE-SMC-03 is that the lens is an M dwarf with mass of about 0.1-0.3 M⊙ located 1-5 kpc from the Earth and belonging to the thick disk of the Galaxy, similar to the event MACHO-LMC-5, e.g. Drake et al. (2004) , Gould (2004) and event EROS2-LMC-8 (Tisserand et al. 2007) .
With velocity of the order of 80 km s −1 and location a few kpc from the Earth, the lens should have a noticeable proper motion of a few mas yr −1 and therefore should be resolvable with the HST in a couple of years. This would give a good opportunity to confirm the nature of this event.
OGLE-SMC-04
This event was not previously detected neither by EWS (it occurred in the end of 2002 in the early season of the OGLE-III when the EWS was not yet operating), nor by any other surveys. Its light curve is relatively well covered by OGLE-III I-band data, but there are no observations taken during the event in V -band.
The event was present in the EROS2 database, however only in their B-band. Therefore we performed a multi-band fit using OGLE I-band and EROS B-band data, which resulted in instrumental colour of the source of (B − I)S = 0.82 ± 0.04. This was then transformed to standard OGLE's V −I following Tisserand et al. (2007) and yielded (V −I)S = 1.02±0.08. The error-bar includes the systematic error from the transformation. The position of the source on the CMD Figure 8 . Distributions of blending parameter (source flux fraction in baseline flux) for selected levels of stellar density derived for the simulated OGLE-III SMC images based on deep archival HST images. The distributions are shown for three magnitude bins. The density levels shown correspond to stellar densities of log(N * /CCD chip) = (4.9, 4.6, 4.4, 3.9) for very dense, dense, medium and sparse fields, respectively.
( Fig.2) indicates it belongs to the Red Clump giant population of the SMC.
The time-scale of the event is relatively short (tE = 18.3±1.8), which favours a self-lensing (SL) scenario. Unless the lens is nearby (DL <20 kpc), a typical time-scale of halo lensing events with masses around 0.4 M⊙ and sources in the SMC are well above 20 days. In SL the time-scales are usually a few times shorter owing to much larger projected velocity,ṽSL ≈ 2000 km/s, compared toṽ halo ≈ 200 km/s for halo lenses (Boutreux & Gould 1996) . This places this event as a good candidate for a self-lensing microlensing interpretation.
Another possibility if that the lens is a thick disk red dwarf given the fact the blending object must be redder that the Red Clump of the SMC. High-resolution imaging could potentially reveal the actual lens as the event happened already almost 10 years ago giving enough time for lens and source to separate.
BLENDING AND DETECTION EFFICIENCY
As in the previous parts of the study of the OGLE microlensing data towards the Magellanic Clouds we carefully tackled the issue of blending in these crowded fields. Here we applied the method developed for Paper III. In brief, we simulated OGLE-III images for a range of stellar densities using deep luminosity functions of three representative fields from the HST Local Group Stellar Photometry archive (Holtzman et al. 2006 ). Locations of the selected fields are marked on Then we compared simulated OGLE images with the input catalogue of stars and were able to assign a number of real HST stars to each blended object detected on a simulated frame. For each density level and in three magnitude bins, 14 < I < 17.5 (bright), 17.5 < I < 19 (medium) and 19 < I < 21 (faint) we derived a distribution of flux ratio between each HST component and the blended object it was residing in. The blending distributions are shown in Fig. 8 . We were also able to calculate a mean ratio between the number of real stars to all objects composed of these stars. This ratio was then used as a correction factor (CF) for observed OGLE template images in order to estimate the real number of monitored stars in each field (see Table 1 ). The CF is shown in Fig. 9 for all stars (A) and three magnitude bins: bright (A), medium (M) and faint (F). With these blending distributions at hand we were able to perform the detection efficiency determination. For selected fields representing different density levels and for time-scales in range between 1 and 1000 days we simulated numerous microlensing events with the parameters being drawn from realistic distributions. For the lensed flux we used the measurements of randomly selected star from the simulated field, which during the event was split between blend and source according to the blending parameter. This procedure also preserved any variability of the underlying flux, allowing for events with variable baseline (see e.g., Wyrzykowski et al. 2006) .
The efficiency curves for representative dense and sparse fields and for the All Stars and Bright Stars samples are shown in Fig. 10 . The detection efficiencies do not change much with the density of the field due to relatively low gradient in the stellar density in the OGLE-III SMC fields. The calculated efficiency is somewhat lower when compared with the one obtained for OGLE-III LMC data, mainly because here we used a different magnitude cut on star selection for the All Stars Sample (21.0 mag, compared with 20.4 mag for the LMC).
OPTICAL DEPTH
Having the three events and their time-scales as well as the detection efficiency of each of them we are able to calculate the average optical depth towards the SMC based on OGLE-III data. In order to evaluate Eq. 2 we also need the estimated number of total monitored stars, derived in the previous section, and the total time of observation, T obs =2870 days.
First, we calculated the optical depth for the All Stars Sample (N * = 5 971 776, down to I=21 mag) using the detection efficiencies obtained in our simulations. Because our simulations utilised I-band data solely we used tE obtained in 5-parameter fit for all three events. This led to total τSMC−OIII = 1.17 ± 0.91 × 10 −7 . The error on τ was calculated following Han & Gould (1995) and reflects only uncertainty caused by the small number of events used.
Then, similarly as in Papers I, II and III, we corrected the efficiency for the fact our simulations were only considering single-point events and that lensing by a binary (and other exotic effects) was not included. Efficiencies were scaled down by 10 per cent and the optical depth for efficiency corrected for binary events was τSMC−OIII = 1.30 ± 1.01 × 10 −7 . Details of the calculations for each event are shown in Table 7 .
For the Bright Stars Sample (N * = 1 702 724, down to I=19.3 mag) the optical depth calculated for two events (#2 and #4) is τSMC−OIII = 1.52 ± 1.40 × 10 −7 and τSMC−OIII = 1.69 ± 1.55 × 10 −7 , when efficiencies were corrected for lack of sensitivity for binary events. Within the (large) error-bars, the estimates of the optical depth for the All Stars and Bright Stars Samples are in agreement. However, it is clearly seen that higher detection efficiency does not completely counterbalance the smaller number of stars and smaller number of events in the Bright Stars Sample.
Note that the binary-lens event OGLE-SMC-02 was included in the optical depth calculations above as if it were a standard event. This approximation is justified because even though the light curve of this event deviates a little from the standard "Paczyński" curve, the event passes through our automated pipeline, which does not consider any exotic effects. Moreover, the time-scale obtained in the standard fit is very close to the one obtained in the full model by Dong et al. (2007) . Therefore it was also possible to derive the detection efficiency for this event. The same applies to the parallax event OGLE-SMC-03
DISCUSSION
In the 8 years of OGLE-III data covering the Small Magellanic Cloud and its surroundings we detected three convincing microlensing events candidates. This is definitively the best set of candidates presented in the series of our papers concerning microlensing searches towards the Magellanic Clouds with OGLE data. The microlensing nature of all three events is very difficult to disprove -none of their sources is located in the region of potential contaminants "Blue Bumpers" (Fig. 2) and their light curves covering at least 8 years (12 years for OGLE-SMC-02 as it was also monitored during the OGLE-II) show no other additional bumps. Additional data spanning for a couple of more years available for all three events from the MACHO and EROS groups also show no further bumps.
However, still the most difficult question to answer is where these events originated from. In principle, because standard microlensing model can not tell us where the source and the lens are located, there are a number of different combinations possible, including the SMC, the halo of the Milky Way and the disk of the Milky Way. In the history of the Magellanic Clouds microlensing there were already examples of confirmed cases of each of the combinations, e.g., source and lens from the SMC (Assef et al. 2006) , disk lens towards the LMC (Kallivayalil et al. 2004 ).
In the case of our events, the new one, OGLE-SMC-04, is probably the best candidate for self-lensing event given its time-scale and location in the Red Clump stars of the SMC, however, we can not exclude the thick disk red dwarf scenario or MACHO. The parallax effect detected in the event OGLE-SMC-03 help constrain the lens to most likely be a typical M-dwarf star from the Galactic disk, however a dark lens can not be entirely ruled out. Finally, even though OGLE-SMC-02 is the likely to be a halo lens, Dong et al. (2007) , who modelled it in detail, did not exclude the selflensing option completely.
The effect of self-lensing for the SMC is not yet well understood. However, due to the alignment of the SMC along the line-of-sight the contribution of SL to τ is expected to be higher than in the face-on LMC and be at least 1.0×10 −7 , in average (Palanque-Delabrouille et al. 1998 , Graff & Gardiner 1999 . This is in good agreement with the value of the optical depth we measured for all three events found in the OGLE-III data. Therefore, we expect the signal from the self-lensing or, more generally, the background of lensing by known stellar populations, is close to what we have detected. However, because the nature of our events is not yet firmly confirmed we can derive an upper limit on dark matter compact halo objects, following Alcock et al. (2001) , Tisserand et al. (2007) and Papers I, II and III.
Assuming the MACHOs mass distribution function from model "S" from Alcock et al. (2000) and using the mean detection efficiency for our SMC fields we derived the number of expected events due to MACHOs as a function of their mass. The mass in such events can be approximately translated to a time-scale as log M = 2 log(tE/70). The number of expected events compared with the observed (or not observed) signal can be converted to an upper limit on the MACHO's halo mass fraction using enhanced Poisson statistics with background signal (Feldman & Cousins 1998) . The derived upper limit for OGLE-III SMC data is shown in Fig.  11 and was calculated assuming we expect about 3 events from the self-lensing/background. For a "typical" MACHO with mass of 0.4 M⊙ the fraction is less than 37 per cent, but for lower masses, between 0.01 and 0.1 M⊙ it is below 20 per cent. Figure 11 shows also an upper limit on MACHOs derived by EROS (Tisserand et al. 2007 ) and MACHO signal claimed by the MACHO group at 95 per cent confidence. For the latter we show both the original value from Bennett (2005) (for τ = 1.0 ± 0.3 × 10 −7 ) for all MACHO events being due to MACHOs and the value corrected following the rejection of one of the original MACHO events (MACHO-LMC-7, see Paper III). For the corrected value, the MACHO fraction in the halo becomes 18 per cent, compared to the original 20 per cent. If the background lensing (Galactic disk and LMC self-lensing) was extracted from the MACHO signal (at a conservative level suggested in Bennett 2005 of 0.24 × 10 −7 ) and the compromised event was rejected, the MACHO group data can be interpreted that only about 14 per cent of MACHOs may compose the Galactic halo.
We can obtain a much tighter limit from OGLE by combining all OGLE-II and OGLE-III results for both Large and Small Magellanic Clouds. For each set of data we computed the expected number of events for a given mass of the deflector and combined it with about 8 events expected to be due to the background lensing populations. It yielded f < 0.06 (at 95 per cent C.L.) for masses around 0.4 M⊙ and reached the minimum of f < 0.04 at mass range between 0.01 and 0.15 M⊙. Figure 12 shows the combined OGLE limit along with the corrected MACHO group signal and EROS upper limit with the both axes zoomed in at the intersection of results from all surveys. This result, therefore, pushes the upper limit on MACHO mass fraction in the halo down to a value similar to the one derived by EROS. The OGLE result is a somewhat more sensitive to MACHOs in the higher mass regime (between 1 and 10 M⊙), and is significantly less sensitive for masses below 0.01 M⊙.
When looking at all events in more detail, in the most likely case, we can safely attribute to non-MACHO lensing (self-lensing or disk lensing) all the events detected in the LMC and SMC during OGLE-II and OGLE-III except OGLE-SMC-02. In such case, the optical depth due to this single dark matter event would be τ SM C#2 ≈ 0.12 × 10 −7 . If the MW halo were composed only from such lenses with mass of around 10 M⊙, such an optical depth would mean they contribute no more than 2 per cent of the total mass of the dark halo. This is in agreement with the expected mass fraction of black-holes in the total mass budget of the Galaxy varying from around 5 per cent (Sartore & Treves 2010) for all massive stellar remnants to 0.4 per cent for a standard initial mass function (e.g., Bastian et al. 2010 ) integrated above 6 M⊙. It is also a much tighter limit than the limit of 40 per cent derived by the MACHO group on objects below 30 M⊙ (Alcock et al. 2001) , obtained based on a lack of long-term events. The value obtained for a single microlensing event, however, is only crudely estimated, and should be assessed more elaborately, e.g., with simulations of long events in the OGLE-II and OGLE-III data combined. In practice, more events with long time-scales are needed in order to put better and more statistically sound constraints on the massive stellar remnants abundance in the halo. Continued observations of the Magellanic Clouds by MOA and OGLE-IV surveys will hopefully yield more potential blackhole events residing in the halo if they are common enough.
CONCLUSIONS
We analysed OGLE-III data covering the Small Magellanic Cloud and found three convincing candidates for microlensing events, among which one was not known before (OGLE-SMC-04). Two of the events are likely to be caused by selflensing or have lenses located in the Galactic disk. OGLE-SMC-03 is actually the first event towards the Small Magellanic Cloud exhibiting clear parallax signal, which makes the lens likely to be in the thick disk. The third one (OGLE-SMC-02) is a potential candidate for a binary black hole lens Figure 11 . Fraction of the mass of MACHOs in the halo as derived from OGLE-III SMC data. Black solid curves show an upper limit from the OGLE-III SMC data assuming the background self-lensing signal of three events. Also shown is the upper limit from EROS (blue dashed curve), original measurement by MACHO (small cross and dotted curve) and the MACHO result corrected for the fact that one of their events was rejected by OGLE-III data (dashed curve, big cross). Figure 12 . Inclusion region for the fraction of the mass of MACHOs in the halo for combined OGLE-II and OGLE-III data for LMC and SMC (solid curve, pink/dark blue) when all OGLE events are attributed to expected self-lensing/background signal. The EROS upper limit and the MACHO signal are shown as in Fig.11 in light/dark blue and green, respectively. Also shown is the fraction of mass due to BH-candidate event OGLE-SMC-02. from the halo, but its self-lensing origin can not be totally excluded.
Following a detailed analysis of the blending in the SMC we derived the optical depth for the All Stars Sample of τSMC−OIII = 1.30 ± 1.01 × 10 −7 , which is in agreement with expected self-lensing signal towards the SMC. The upper limit on the dark matter in form of MACHOs derived for the OGLE-III SMC data alone was about 20 per cent for masses below 0.1 M⊙.
In this paper we concluded the studies of the microlensing searches conducted so far by the OGLE project towards the Magellanic Clouds. We presented the final result combining all available data and deriving new constraints on the fraction of massive compact halo objects in the Galactic halo of 6 per cent for M = 0.1 − 0.4 M⊙ and below 4 per cent for lower masses. For MACHOs with mass of 1 M⊙ and 20 M⊙ the upper limits are f < 9 and f < 20 per cent, respectively. 13 years of OGLE observations indicate the MACHO halo fraction is well below the value suggested by MACHO group (14 per cent after correction due to rejection of one of their events owing to a second bump for the same events found in the OGLE data) and in agreement with the limit derived by EROS survey.
Our result indicates that baryonic dark matter in the form of relics of stars and very faint objects in the sub-solar mass regime is unlikely to inhabit the Milky Way's dark matter halo in any significant numbers. The presence of the black hole lens candidate towards the SMC agrees with the expected < 2 per cent contribution of black holes to the mass of the Galactic halo.
With the OGLE project now in its fourth phase we hope the sensitivity to extremely long events will improve significantly within the next years when combined with the historic OGLE data. Long duration events will also be easily detectable in near-real-time by Gaia satellite, due to launch in 2013. Detailed follow-up observations of the alerts triggered by OGLE and Gaia will be crucial for revealing the true nature of detected events. This should result in an increase in the number of potential black-hole lenses or allow us to rule out heavy dark matter compact objects as well and close that topic definitively.
